Arakawa H, Chitravanshi VC, Sapru HN. The hypothalamic arcuate nucleus: a new site of cardiovascular action of angiotensin-(1-12) and angiotensin II. Am J Physiol Heart Circ Physiol 300: H951-H960, 2011. First published December 24, 2010 doi:10.1152/ajpheart.01144.2010.-The hypothalamic arcuate nucleus (ARCN) has been reported to play a significant role in cardiovascular regulation. It has been hypothesized that the ARCN may be one of the sites of cardiovascular actions of angiotensins (ANGs). Experiments were carried out in urethaneanesthetized, artificially ventilated, adult male Wistar rats. The ARCN was identified by microinjections of N-methyl-D-aspartic acid (NMDA; 10 mM). Microinjections (50 nl) of ANG-(1-12) (1 mM) into the ARCN elicited increases in mean arterial pressure (MAP), heart rate (HR), and greater splanchnic nerve activity (GSNA). The tachycardic responses to ANG-(1-12) were attenuated by bilateral vagotomy. The cardiovascular responses elicited by ANG-(1-12) were attenuated by microinjections of ANG II type 1 receptor (AT1R) antagonists but not ANG type 2 receptor (AT2R) antagonist. Combined inhibition of ANG-converting enzyme (ACE) and chymase in the ARCN abolished ANG-(1-12)-induced responses. Microinjections of ANG II (1 mM) into the ARCN also increased MAP and HR. Inhibition of ARCN by microinjections of muscimol (1 mM) attenuated the pressor and tachycardic responses to intravenously administered ANG-(1-12) and ANG II (300 pmol/kg each). These results indicated that 1) microinjections of ANG-(1-12) into the ARCN elicited increases in MAP, HR, and GSNA; 2) HR responses were mediated via both sympathetic and vagus nerves; 3) AT1Rs, but not AT2Rs, in the ARCN mediated ANG-(1-12)-induced responses; 4) both ACE and chymase were needed to convert ANG-(1-12) to ANG II in the ARCN; and 5) ARCN plays a role in mediating the cardiovascular responses to circulating ANGs. blood pressure; heart rate; microinjection; N-methyl-D-aspartic acid; sympathetic nerve activity THE HYPOTHALAMIC ARCUATE NUCLEUS (ARCN) may play a significant role in cardiovascular regulation (10, 38). Consistent with this notion, we (31) have recently reported that chemical stimulation of the ARCN elicited increases in mean arterial pressure (MAP), heart rate (HR), and sympathetic nerve activity (SNA). These reports have provided a basis for investigations on different neurotransmitters and neuromodulators in the ARCN that may play a role in the regulation of cardiovascular function in normal and pathological states.
THE HYPOTHALAMIC ARCUATE NUCLEUS (ARCN) may play a significant role in cardiovascular regulation (10, 38) . Consistent with this notion, we (31) have recently reported that chemical stimulation of the ARCN elicited increases in mean arterial pressure (MAP), heart rate (HR), and sympathetic nerve activity (SNA). These reports have provided a basis for investigations on different neurotransmitters and neuromodulators in the ARCN that may play a role in the regulation of cardiovascular function in normal and pathological states.
A new endogenous angiotensin (ANG), ANG-(1-12), has recently been identified (30, 44) . Intravenous administration of this peptide has been reported to elicit an immediate pressor response in the rat, and this effect was blocked by prior administration of an ANG-converting enzyme (ACE) inhibitor or an ANG II type 1 receptor (AT 1 R) antagonist (30) . These data indicated that in the periphery, ANG-(1-12) exerts its actions via a rapid conversion to ANG II (30) . High concentrations of ANG-(1-12) have been reported in the rat brain, and cells immunoreactive for ANG-(1-12) have been identified in the nucleus tractus solitarius (NTS) of the rat (1, 30) . Bilateral microinjections of ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) into the NTS have been reported to elicit transient depressor responses and an attenuation of baroreflex sensitivity (1) . Chronic immunoneutralization of endogenous brain ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) by intracerebroventricular injections of anti-ANG-(1-12) IgG in hypertensive rats have been reported to elicit antihypertensive effects (21) . Several components of the renin-ANG system (RAS) have been identified in the ARCN. For example, angiotensinogen, ACE, and ANG receptors have been identified in the ARCN (13, 19, 22, 50) . Based on the above-mentioned reports, we hypothesized that the ARCN may be one of the sites of cardiovascular actions of ANGs. To test our hypothesis, ANG-(1-12) was selected for this study because it has been reported to mediate its actions via its rapid conversion to ANG II (30) . In selected experiments, ANG II was also included for a comparison with our ANG-(1-12)-induced cardiovascular responses.
MATERIALS AND METHODS
General procedures. Experiments were done in adult male Wistar rats (Charles River Laboratories, Wilmington, MA) weighing 300 -360 g (n ϭ 105). All animals were housed under controlled conditions with a 12:12-h light-dark cycle. Food and water were available to the animals ad libitum. Experiments were performed according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and with the approval of the Institutional Animal Care and Use Committee of this university.
The procedures used in this study have been described in detail elsewhere (31, 32) . Briefly, rats were anesthetized with inhalation of isoflurane (2-3% in 100% O 2), one of the veins was cannulated, and urethane (1.2-1.4 g/kg) was injected intravenously in eight to nine aliquots at 2-min intervals. Isoflurane inhalation was terminated as soon as urethane administration was completed. The absence of a pressor response and/or withdrawal of the limb in response to pinching of a hindpaw indicated that the rats were properly anesthetized. Rats were artificially ventilated, and end-tidal CO 2 was maintained at 3.5-4.5%. Rectal temperature was maintained at 37.0 Ϯ 0.5°C. Blood pressure (BP) and HR were recorded by standard techniques (31, 32) .
Microinjections into the ARCN. Rats were placed in a prone position in a stereotaxic instrument with a bite bar 11 mm below the interaural line. A hole (8 -10 mm in diameter) was drilled in the midline at the junction of the two parietal bones caudal to the bregma. Microinjections were made through this hole on either side of the midline. Microinjections were made using multibarreled glass micropipettes (tip size: 20 -40 m). Each barrel was connected to a channel on a picospritzer. Two barrels always contained N-methyl-Daspartic acid (NMDA) and artificial cerebrospinal fluid (aCSF). Depending on the experiment, the remaining barrels contained ANG-(1-12), ANG II, an ANG receptor antagonist, and ACE or chymase inhibitor. To avoid the sagittal sinus, the micropipette was placed at a level 2.56 -3.80 mm caudal to the bregma, 0.8 -0.9 mm lateral to the midline, at an angle (4°) and moved 9.8 -10.2 mm ventral to the dura to reach the ARCN. Using this approach, the coordinates for the final site of microinjection in the ARCN were 2.56 -3.80 mm caudal to the bregma, 0.1-0.3 mm lateral to the midline, and 9.8 -10.2 mm deep from the dura. The coordinates used for different regions of the ARCN are mentioned in Table 2 .
Intravenous injections. ANG-(1-12) and ANG II dissolved in 0.1 ml saline were injected into the cannula dwelling in the femoral vein and flushed with 0.2 ml saline, and MAP and HR were monitored. The duration of these intravenous injections was 4 -6 s. Intravenous injections of saline were used as controls.
Nerve recording. The greater splanchnic nerve (GSN) was selected for recording because it contains sympathetic fibers innervating major abdominal vascular beds and the kidney (3). The GSN was exposed retroperitoneally and sectioned as it joined the celiac ganglion, and whole nerve activity was recorded from the desheathed central end by standard techniques (41) . At the end of the experiment, the nerves were sectioned centrally, and the remaining activity was considered to be the noise level, which was subtracted from the whole nerve activity.
Histology. Microinjection sites in the ARCN were marked by diluted India ink (50 nl). Animals were perfused and fixed with 4% paraformaldehyde, and serial sections of the hypothalamus were cut (30 m) and stained with cresyl violet using standard procedures (31, 32) . Microinjection sites were identified using a standard atlas (36) .
Drugs and chemicals. The following drugs and chemicals were used: ANG-(1-12), ANG II, captopril (ACE inhibitor) (27) , chymostatin (chymase inhibitor) (18) , D-AP7 (NMDA receptor antagonist), losartan (AT 1R antagonist), muscimol (GABAA receptor agonist), NMDA, PD-123319 (AT2R antagonist) (4), L-phenylephrine hydrochloride (PE), isoflurane, urethane, and ZD-7155 (AT1R antagonist) (35) . All of the solutions for the microinjections were freshly prepared in aCSF (pH 7.4). Where applicable, the concentration of drugs refers to their salts. Sources of the drugs were as follows: ANG-(1-12) and ANG II (American Peptide, Sunnyvale, CA); captopril, chymostatin, losartan, and muscimol (Sigma-Aldrich Chemicals, St. Louis, MO); PD-123319 and ZD-7155 (Tocris-Cookson, Ellisville, MO); and isoflurane (Baxter Pharmaceutical Products, Deerfield, IL).
Statistical analyses. Means and SEs were calculated for maximum changes in MAP and HR. One-way ANOVA followed by TukeyKramer's multiple-comparison test was applied to test differences in maximum changes in MAP and HR in different groups of rats. Desensitization to multiple injections of ANG-(1-12) and ANG II was tested by repeated-measures ANOVA followed by Tukey-Kramer's multiple-comparison test. Student's paired t-test was used in experiments where each animal served as its own control. Student's unpaired t-test was used to compare responses in different groups of rats. For the analysis of nerve activity, baseline value represented the average amplitude of integrated GSN activity (GSNA) during the 35-s period before the intravenous administration of PE or the microinjections of drugs into the ARCN. The maximum change in GSNA amplitude was expressed as the percent change from the baseline value. Mean values of the integrated nerve signals were compared using Student's paired t-test. In all cases, differences were considered significant at P Ͻ 0.05.
RESULTS
Baseline values for MAP and HR in urethane-anesthetized rats were 86.9 Ϯ 1.5 mmHg and 383.1 Ϯ 4.2 beats/min, respectively (n ϭ 71).
Cardiovascular responses to microinjections of ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) into the ARCN. The ARCN (ϳ2 mm long in the rostrocaudal direction) was arbitrarily divided into the following three equal segments (the coordinates mentioned for each segment indicate the level caudal to the bregma): the rostral segment (2.1-2.9 mm), middle segment (2.9 -3.7 mm), and caudal segment (3.7-4.5 mm). In this and the other series of experiments, unless indicated otherwise, all microinjections into the ARCN were unilateral, their volume and duration were 50 nl and 5-10 s, respectively, and microinjections of aCSF (pH 7.4), used as controls, elicited no cardiovascular responses. The ARCN was always identified by microinjections of NMDA (10 mM), which elicited increases in MAP (19.4 Ϯ 0.7 mmHg) and HR (83.0 Ϯ 3.5 beats/min) (n ϭ 71). The interval between the microinjections of NMDA and other agents was at least 2 min. The concentration response was first studied in the middle portion of ARCN; maximum cardiovascular responses were elicited by microinjections of a 1 mM concentration of ANG-(1-12) ( Table 1 ). Microinjections of ANG-(1-12) (1 mM) at different rostrocaudal levels of the ARCN elicited similar cardiovascular responses ( Table 2 ). Microinjections of ANG II (1 mM) into the ARCN elicited greater cardiovascular responses compared with the same concentration of ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) at the same levels ( Table 2 ). The onset of cardiovascular responses to microinjections of ANG-(1-12) (1 mM) into the ARCN (11.2 Ϯ 1.2 s) was significantly (P Ͻ 0.05) longer than the onset of action (8.3 Ϯ 0.6 s) of microinjection of ANG II (1 mM) at the same site. The durations of cardiovascular responses to microinjections of ANG-(1-12) and ANG II (1 mM each) into the ARCN (9.2 Ϯ 0.5 and 8.2 Ϯ 0.5 min, respectively) and the peak effects of the same concentrations of these two peptides (2.3 Ϯ 0.2 and 2.0 Ϯ 0.1 min, respectively) were not significantly different (P Ͼ 0.05).
Bilateral microinjections of ANG-(1-12) into the middle ARCN elicited increases in MAP (12.8 Ϯ 0.7 mmHg) and HR (17.6 Ϯ 1.1 beats/min) (n ϭ 5) that were significantly (P Ͻ 0.05) greater than the MAP (10.4 Ϯ 0.6 mmHg) and HR (12.8 Ϯ 1.2 beats/min) responses elicited by unilateral microinjections of this peptide into this nucleus.
Site specificity of ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) -induced responses in the ARCN. We (31) have previously reported that microinjections of NMDA (10 mM) into the ARCN at different rostrocaudal levels (2.3-4.16 mm caudal to the bregma) and the dorsomedial hypothalamic nucleus (DMN; 3.6 caudal to bregma, 0.2 lateral to the midline, and 9.0 deep from the dura) elicited pressor and tachycardic responses. Other investigators (47) have reported an increase in SNA in response to microinjections of L-glutamate into the hypothalamic ventromedial nu- Table 2 for the coordinates of the hypothalamic arcuate nucleus (ARCN). MAP, mean arterial pressure; HR, heart rate. *, †The pressor responses were significantly greater than those elicited by the 0.25 and 0.5 mM concentrations (P Ͻ 0.01). ‡The tachycardic response was significantly greater than the tachycardic responses elicited by 0.25 and 0.5 mM concentrations (P Ͻ 0.05). §The differences in pressor and tachycardic responses elicited by 1 and 2 mM concentrations were not significant (P Ͼ 0.05).
cleus (VMN). The possibility that DMN and VMN may have contributed to the cardiovascular responses elicited from the ARCN was excluded based on the following observations. As mentioned above, the increases in MAP and HR in response to microinjections of ANG-(1-12) into the caudal ARCN were not different from the responses elicited from middle and rostral levels of ARCN ( Table 2 ). The DMN and VMN are not present at the caudal levels of ARCN, suggesting that these hypothalamic nuclei did not contribute to the cardiovascular responses elicited from the ARCN. Site specificity of the ANG-(1-12)-induced cardiovascular responses was also suggested by the following observations. Microinjections of either NMDA (10 mM) or ANG-(1-12) (1 mM) at more lateral sites (1 mm lateral to the midline) adjacent to the caudal ARCN elicited no cardiovascular responses. Microinjections of ANG-(1-12) (1 mM) into the third ventricle at a level 3.8 mm caudal to the bregma, midline, and 10 mm deep from the dura elicited small increases in MAP (4.0 Ϯ 0.4 mmHg) and HR (5.2 Ϯ 2.5 beats/min). However, in the same group of rats, microinjections of NMDA (10 mM, 50 nl) into the third ventricle at the same level elicited greater increases in MAP (13.5 Ϯ 2.4 mmHg) and HR (78.3 Ϯ 8.7 beats/min). The cardiovascular responses elicited from the third ventricle at this level were mediated via the ARCN bilaterally. This conclusion was based on the following observations. First, increases in MAP and HR were elicited by microinjections of NMDA (10 mM) into the third ventricle at a level 3.8 mm caudal to the bregma. At the same level, the ARCN was identified on each side using microinjections of NMDA (10 mM (Table 3) . However, the increases in HR elicited by the same concentrations of NMDA and ANG-(1-12) at the same site were significantly reduced after vagotomy (Table 3) .
Effect of AT 1 R antagonists on ANG-(1-12)-induced responses in the ARCN.
Group data for the effects of two AT 1 R antagonists [ZD-7155 (2 mM) and losartan (10 mM)] on ANG-(1-12)-induced responses are shown in Table 3 . The Values are means Ϯ SE. The ARCN (ϳ2 mm long in the rostrocaudal direction) was arbitrarily divided into three equal segments using the bregma as a reference point: the rostral segment (2.1-2.9 mm caudal), the middle segment (2.9 -3.7 mm caudal), and the caudal segment (3.7-4.5 mm caudal). Microinjections were made into one site in each segment using the bregma as a reference point in the rostrocaudal direction, midline in the mediolateral direction and the dura in the dorsoventral direction. The coordinates are as follows: rostral ARCN (2.5 mm caudal, 0.1-0.3 mm lateral, and 9.8 -10.2 mm deep); middle ARCN (3.3 mm caudal, 0.1-0.3 mm lateral, and 9.8 -10.2 mm deep); and caudal ARCN (3.8 mm caudal, 0.1-0.3 mm lateral, 9.8 -10.2 mm deep; the hypothalamic dorsomedial nucleus and hypothalamic ventromedial nucleus are not present at this level). *The differences in cardiovascular responses elicited by microinjections of ANG-(1-12) (1 mM) in the rostral ARCN, middle ARCN, and caudal ARCN were not significant (P Ͼ 0.05). †Cardiovascular responses elicited by ANG II (1 mM) in the rostral ARCN and middle ARCN were greater than those elicited by ANG-(1-12) (1 mM) at the same sites (P Ͻ 0.05). Values are means Ϯ SE. See Table 2 Table 3 ). The dose of PD-123319 was selected from a previously published report (8) .
Effect (Table 3) . Unilateral microinjections of captopril alone into the ARCN did not elicit any cardiovascular responses. The dose of captopril (200 mM) used in our study to inhibit ACE was comparable with the dose used by others in microinjection studies (20, 45) . (Table 3) . Combined microinjections of captopril and chymostatin into the ARCN on one side did not alter baseline MAP and HR. (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) into the ARCN on SNA. Figure 1 shows a typical recording of the effect of microinjections of ANG-(1-12) into the middle ARCN on efferent GSNA. A bolus injection of PE (10 g/kg iv) increased MAP, which, in turn, elicited reflex bradycardia and inhibition of efferent GSNA lasting for 18.2 Ϯ 3.1 s (Fig. 1A) . Ten minutes later, when GSNA had recovered to baseline, a microinjection of NMDA (10 mM) into the ARCN elicited an increase in GSNA (Fig. 1B) . After 20 min, microinjection of aCSF (50 nl) into the same ARCN site did not alter GSNA (not shown). Two minutes later, microinjection of ANG-(1-12) (1 mM) into the ARCN increased efferent GSNA (Fig. 1C) . Forty minutes later, losartan (10 mM) was microinjected into the ARCN; no changes in GSNA were elicited (Fig. 1D) . Two minutes later, ANG-(1-12) (1 mM) was again microinjected at the same site; the effect of ANG-(1-12) was blocked (Fig. 1E) . Two minutes later, microinjection of NMDA (10 mM) continued to elicit an increase in efferent GSNA (Fig. 1F) . Group data (n ϭ 5) for this experiment are shown in Fig. 2 . All changes in GSNA refer to comparisons with the basal nerve activity. An intravenous bolus injection of PE (10 g/kg) decreased GSNA significantly ( Fig. 2A) . Ten minutes later, microinjections of NMDA (10 mM) into the ARCN elicited significant increases in GSNA (Fig. 2B) . Twenty minutes later, microinjection of ANG-(1-12) (1 mM) at the same site elicited significant increases in GSNA (Fig. 2C) . After 40 min, losartan (10 mM) was microinjected at the same site, and no significant changes in GSNA were elicited (Fig. 2D) . Two minutes after the microinjection of losartan into the ARCN, the increases in GSNA (Fig. 2E) were significantly attenuated compared with the ANG-(1-12)-induced increases before the microinjection of losartan. Two minutes later, NMDA (10 mM) microinjected into the ARCN elicited an increase in GSNA (Fig. 2F) , which was not significantly different from the NMDA-induced increase before the microinjection of losartan.
Effect of chymostatin on ANG-(1-12)-induced responses in

Effect of microinjections of ANG-
Effects of intravenously injected ANG-(1-12) and ANG II.
The dose responses of cardiovascular actions of intravenously administered ANG-(1-12) are shown in Table 4 . Maximal increases in MAP were elicited by the 400 pmol/kg dose of ANG-(1-12). However, the increases in MAP elicited by 300 pmol/kg ANG-(1-12) were not significantly different from those elicited by 400 pmol/kg. The dose response of intravenous ANG-(1-12) in our study was similar to that reported by Nagata et al. (30) . Repeated intravenous injections of ANG-(1-12) (300 pmol/kg) at 40-min intervals did not exhibit desensitization. The increases in MAP elicited by three consecutive injections of ANG-(1-12) were 27.5 Ϯ 2.1, 28.8 Ϯ 0.5, and 29.3 Ϯ 2.4 mmHg, respectively. The increases in HR elicited by the same injections of ANG-(1-12) were 7.5 Ϯ 1.0, 8.0 Ϯ 3.2, and 8.3 Ϯ 2.4 beats/min, respectively.
Intravenous injections of ANG II (300 pmol/kg) also elicited increases in MAP (n ϭ 12), which were significantly greater than the increases in MAP elicited by intravenous injections of the same dose of ANG-(1-12) (Table 4) . However, there were no significant differences in the HR responses elicited by these two peptides (Table 4) .
The onset and duration of the cardiovascular effects of ANG-(1-12) (300 pmol/kg iv) were 1.9 Ϯ 0.2 s and 3.2 Ϯ 0.3 min, respectively. The onset and duration of the cardiovascular effects of ANG II (300 pmol/kg iv) were 1.4 Ϯ 0.2 s and 3.7 Ϯ 0.3 min, respectively. The differences in the onset and duration of responses elicited by intravenous injections of ANG-(1-12) and ANG II were not statistically significant (P Ͼ 0.05).
Role of the ARCN in mediating cardiovascular responses to intravenously administered ANG-(1-12) and ANG II.
As mentioned above, the ARCN in the rat is ϳ2 mm long. The diameter of the diffusion sphere of 100-nl microinjection has been estimated to be ϳ1 mm (33) . To ensure that most of the neurons in the ARCN were inhibited, two microinjections (100 nl each) of muscimol were made in the ARCN on each side, one rostrally (2.5 mm caudal to the bregma, 0.1-0.3 mm lateral to the midline, and 9.8 -10.2 mm deep from the dura) and another caudally (3.6 mm caudal to the bregma, 0.1-0.3 mm lateral to the midline, and 9.8 -10.2 mm deep from the dura) (n ϭ 10). Bilateral inhibition of ARCN by muscimol did not alter basal MAP and HR. However, pressor (Fig. 3A) and tachycardic (Fig. 3B) responses to intravenously administered ANG-(1-12) (300 pmol/kg) were significantly attenuated after muscimol-induced bilateral inhibition of ARCN. Inhibition of the ARCN was confirmed by the lack of responses to microinjections of NMDA (10 mM). In another group of rats (n ϭ 6), microinjections (100 nl) of losartan (10 mM) were made bilaterally into the ARCN as described for muscimol. Bilateral blockade of AT 1 Rs in the ARCN by losartan did not significantly alter pressor (Fig. 3C) and tachycardic (Fig. 3D) responses to intravenously administered ANG-(1-12) (300 pmol/ kg). Basal MAP and HR were also not altered by bilateral blockade of AT 1 Rs in the ARCN by losartan.
The role of ARCN in mediating responses to intravenous injections of ANG II was studied as follows. In one group of rats (n ϭ 7), cardiovascular responses to intravenous injections of ANG II (300 pmol/kg) were determined before and after inhibition of the ARCN by muscimol. Bilateral inhibition of the ARCN by muscimol significantly attenuated pressor (Fig. 4A) and tachycardic (Fig. 4B) responses to intravenously administered ANG II. In another group of rats (n ϭ 6), bilateral blockade of AT 1 Rs in the ARCN using losartan (10 mM) microinjections did not significantly alter pressor (Fig. 4C) and tachycardic (Fig. 4D) responses to intravenously administered ANG II.
In these experiments, the interval between the two injections of ANG-(1-12) or ANG II was at least 40 min to avoid desensitization.
Histology. A typical ARCN site marked with India ink (50 nl) is shown in Fig. 5A . Figure 5 , B-D, shows composite diagrams of marked ARCN sites, which were located 2.56, 3.30, and 3.80 mm caudal to the bregma (n ϭ 14).
DISCUSSION
The major findings of the present study were as follows: 1) microinjections of ANG-(1-12) into the ARCN elicited increases in MAP, HR, and efferent GSNA; 2) these effects were mediated via the activation of AT 1 Rs, but not AT 2 Rs, in the ARCN; 3) ANG-(1-12)-induced cardiovascular responses were attenuated by prior microinjections of either captopril or chymostatin; 4) the combination of microinjections of captopril (10 mM) at the same site did not elicit significant changes in GSNA. E: 2 min after the microinjection of losartan into the ARCN, the increases in GSNA (11.1 Ϯ 2.4%) were significantly attenuated (*P Ͻ 0.05) compared with the ANG-(1-12)-induced increases before the microinjection of losartan. F: 2 min later, NMDA (10 mM) microinjected into the ARCN elicited a significant increase (95.2 Ϯ 18.6%, P Ͻ 0.01) in GSNA that was not significantly different (P Ͼ 0.05) from the NMDA-induced increase before the microinjection of losartan. Values are means Ϯ SE. c,d,e Significantly greater (P Ͻ 0.05-0.001) than the increases in MAP in a.
c,d,e The differences in increases in MAP were not statistically significant (P Ͼ 0.05).
b,c The differences in increases in MAP were not statistically significant (P Ͼ 0.05).
d,e Significantly greater (P Ͻ 0.01) than the increases in MAP in b.
The increases in MAP elicited by ANG II (300 pmol/kg) were significantly greater (P Ͻ 0.0001) than the increases in MAP elicited by ANG-(1-12) (300 pmol/kg). The differences in increases in HR elicited by different doses of ANG-(1-12) were not significant (P Ͼ 0.05). The increases in HR elicited by ANG II (300 pmol/kg) were not significantly different (P Ͼ 0.05) from HR increases elicited by ANG-(1-12) (300 pmol/kg). Fig. 3 . Role of the ARCN in mediating cardiovascular responses to intravenous ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . A: the increases in MAP induced by intravenously injected ANG-(1-12) (300 pmol/kg) before and after bilateral inhibition of ARCN by muscimol (1 mM) were 29.5 Ϯ 1.2 and 25.1 Ϯ 1.1 mmHg, respectively. The pressor response after inhibition of the ARCN was significantly attenuated (n ϭ 10, **P Ͻ 0.001). B: in the same group of rats, the increases in HR induced by intravenously injected ANG-(1-12) (300 pmol/kg) before and after bilateral inhibition of the ARCN by muscimol were 7.5 Ϯ 2.0 and 4.6 Ϯ 1.3 beats/min, respectively. The tachycardic response after the inhibition of ARCN was significantly attenuated (*P Ͻ 0.05). C: the increases in MAP induced by intravenously injected ANG-(1-12) (300 pmol/kg) before and after bilateral blockade of ANG II type 1 receptors (AT1Rs) in the ARCN by microinjections of losartan (10 mM) were 27.0 Ϯ 1.9 and 26.3 Ϯ 1.0 mmHg, respectively. The pressor responses were not significantly different (n ϭ 6, P Ͼ 0.05). D: in the same group of rats, the increases in HR induced by intravenously injected ANG-(1-12) (300 pmol/kg) before and after bilateral blockade of AT1Rs in the ARCN by microinjections of losartan were 7.3 Ϯ 1.8 and 6.2 Ϯ 2.2 beats/min, respectively. The tachycardic responses were not significantly different (P Ͼ 0.05).
The increases in MAP and HR elicited by microinjections of ANG-(1-12) into different segments of the ARCN were relatively small. There are no reports in the literature for a comparison of our results in the ARCN. However, increases in MAP and HR elicited by a related ANG [ANG II (1 mM)] into the hypothalamic paraventricular nucleus (PVN), which is known to play a significant role in central cardiovascular regulation, have also been reported to be small (7 Ϯ 2 mmHg and 18 Ϯ 6 beats/min, respectively) (48). It is possible that the pressor and tachycardic effects of ANG-(1-12) elicited from the ARCN, while small in normal states, may be exaggerated in pathological states, such as hypertension. Similar instances have been reported in other brain areas. For example, the pressor responses to microinjections of ANG II into the anterior hypothalamic area in normotensive Wistar-Kyoto rats are smaller than similar microinjections of ANG II into the same brain area of spontaneously hypertensive rats (24) .
Stimulation of the DMN and VMN has been reported to increase MAP, HR, and SNA (11, 31, 47) . The possibility that pressor and tachycardic responses elicited from the ARCN may be due to the spread of ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) or NMDA to the DMN and VMN was excluded because the cardiovascular responses elicited from the caudal ARCN, where the DMN and VMN are not present, were similar to those elicited from the middle and rostral ARCN. We (31) have previously excluded the possibility that NMDA microinjected into the ARCN may have spread to the DMN because the pressor and tachycardic responses to ARCN stimulation remained unaltered after the inhibition of the DMN by microinjections of muscimol. Although injections of NMDA into the third ventricle adjacent to the ARCN elicited increases in MAP and HR, these responses were mediated via the ARCN, where NMDA may have diffused. Injections of ANG-(1-12) into the same site in the third ventricle did not elicit a response. The differences in the responses elicited by ANG-(1-12) and NMDA in the third Fig. 4 . Role of the ARCN in mediating cardiovascular responses to intravenous ANG II. A: the increases in MAP induced by intravenously injected ANG II (300 pmol/kg) before and after bilateral inhibition of the ARCN by muscimol (1 mM) were 42.4 Ϯ 3.8 and 34.6 Ϯ 3.6 mmHg, respectively. The pressor response after inhibition of the ARCN was significantly attenuated (n ϭ 7, **P Ͻ 0.001). B: in the same group of rats, the increases in HR induced by intravenously injected ANG II (300 pmol/kg) before and after bilateral inhibition of the ARCN by muscimol were 12.9 Ϯ 3.4 and 8.7 Ϯ 2.5 beats/min, respectively. The tachycardic response after the inhibition of ARCN was significantly attenuated (*P Ͻ 0.05). C: the increases in MAP induced by intravenously injected ANG II (300 pmol/kg) before and after bilateral blockade of AT1Rs in the ARCN by microinjections of losartan (10 mM) were 41.0 Ϯ 1.9 and 39.8 Ϯ 1.5 mmHg, respectively. The pressor responses were not significantly different (n ϭ 6, P Ͼ 0.05). D: in the same group of rats, the increases in HR induced by intravenously injected ANG II (300 pmol/kg) before and after bilateral blockade of AT1Rs in the ARCN by microinjections of losartan were 10.5 Ϯ 2.5 and 9.0 Ϯ 2.7 beats/min, respectively. The tachycardic responses were not significantly different (P Ͼ 0.05). ventricle may be due to the differences in the diffusion properties of the two agents or density of corresponding receptors in the ARCN. The concentrations of NMDA (10 mM) and ANG-(1-12) (1 mM) that elicited pressor and tachycardic responses when microinjected (50 nl each) into the ARCN did not elicit detectable cardiovascular responses when injected intravenously, indicating that leakage of the drug, if any, from the microinjection site in the ARCN to the peripheral circulation was not responsible for the observed responses.
The responses of ANG-(1-12) were mediated via its conversion to ANG II. ACE has been reported to be involved in the conversion of ANG-(1-12) to ANG II in some regions of the brain (e.g., the NTS) (1). Chymase has been reported to be one of the alternate pathways by which ANG II is formed in various tissues (37) . In the central nervous system, this pathway is involved in ANG II formation in the pituitary stalk and pineal gland (2) . We have shown, for the first time, that chymase may be partially involved in the conversion of ANG-(1-12) to ANG II in the ARCN. Indeed, the effects of ANG-(1-12) were abolished when both enzymes (ACE and chymase) were inhibited simultaneously.
The responses to ANG-(1-12) were mediated via AT 1 Rs, and this observation was confirmed by using two AT 1 R antagonists. The blockade of ANG-(1-12)-induced responses could not be attributed to desensitization because the interval between the two doses of ANG-(1-12) was at least 40 min (desensitization to repeated injections of this ANG did not occur at this time interval).
Based on current knowledge regarding the role of the ARCN in cardiovascular regulation, the mechanism of increases in MAP, HR, and GSNA elicited by microinjections of ANG-(1-12) into the ARCN can be explained as follows (10, 31) . Microinjections of ANG-(1-12) into the ARCN may excite the ARCN neurons involved in cardiovascular regulation. The mechanism of this excitation is not clear at this time and may involve pre-and/or postsynaptic effects of ANG-(1-12). Direct projections from the ARCN to the PVN, raphe nuclei, rostral ventrolateral medullary pressor area, and intermediolateral cell column of the thoracolumbar cord may mediate the increases in MAP, HR, and GSNA elicited by microinjections of ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) into the ARCN (6, 9, 25, 43) . We (31) have previously shown that pressor responses elicited by microinjections of NMDA into the ARCN are mediated via the activation of ionotropic glutamate receptors (iGLURs) in the spinal cord. The tachycardic responses to microinjections of ANG-(1-12) may be mediated by both inhibition of vagal outflow to the heart and activation of spinal cord iGLURs, as previously reported for NMDA (31) .
The ARCN includes different populations of neurons containing diverse neuroactive substances, including pro-opiomelanocortin (POMC), cocaine-and amphetamine-regulated transcript (CART), neuropeptide Y/agouti-related protein (NPY/AGRP), GABA, and glutamate (26) . Although the functions of all phenotypes of ARCN neurons have not been established, it is known that POMC and CART neurons are involved in catabolic activity (decrease in food intake and increase in energy expenditure including an increase in SNA), whereas NPY/AGRP neurons are involved in anabolic activities (increase in food intake and decrease in energy expenditure, including a decrease in SNA). It may be speculated that microinjections of ANG-(1-12) may activate the ARCN neurons involved in catabolic activity (POMC/CART neurons) because an increase in GSNA was observed. The physiological or pathological role of ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) in the ARCN in energy expenditure remains to be studied.
The ventromedial ARCN has been reported to lack a bloodbrain barrier (34) . In our study, bilateral blockade of AT 1 Rs in the ARCN did not attenuate the cardiovascular responses to intravenously administered ANG-(1-12) or ANG II. This observation rules out the possibility that these ANGs cross the blood-brain barrier at the ARCN and elicit cardiovascular responses. However, bilateral inhibition of neurons in the ARCN by multiple injections of muscimol did attenuate the cardiovascular responses to intravenously injected ANG-(1-12) and ANG II. This observation suggested that the ARCN may play a role in mediating the increases in MAP and HR induced by intravenously administered ANGs. Consistent with this notion is a report (12) in which intravenous infusions of ANG II elicited an increase in Fos-related antigen immunoreactivity in the ARCN of rabbits. It is well known that circulating ANGs act on AT 1 Rs in the subfornical organ (SFO), which lacks a blood-brain barrier (14) . Activation of neurons in the SFO could then activate neurons in the ARCN to elicit pressor and tachycardic responses. Because the SFO has been implicated in mediating the pressor responses of circulating ANG II (14) and we have shown that the pressor effects of intravenous ANG II and ANG-(1-12) are attenuated when the ARCN is inhibited by muscimol, it appears that direct or indirect projections from the SFO to the ARCN may exist. Indeed, direct projections from the SFO to the ARCN have been reported based on a retrograde tracing study (16) . In this context, it may be noted that direct or indirect projections from the ARCN to the SFO have also been reported (39, 40) . These inputs from the ARCN to the SFO may be involved in modulating the activity of SFO neurons that detect blood-borne signals from the depletion of intra-and extracellular fluid volumes. The transmitter at the terminals of direct projections from the SFO to the ARCN does not appear to be ANG because bilateral blockade of AT 1 Rs in the ARCN did not attenuate cardiovascular responses to intravenously administered ANGs. In these experiments, bilateral blockade of AT 1 Rs in the ARCN did not alter baseline BP and HR. There are no reports in the literature for a comparison of our results in the ARCN. Although unilateral or bilateral microinjections of an AT 1 R antagonist into the ARCN did not alter baseline BP and HR in normal rats, a decrease in these variables after AT 1 R blockade may be elicited in pathological states. Such a situation has been reported in the PVN, where bilateral microinjection of an AT 1 R antagonist had no significant effect on resting sympathetic activity in normal situations but significantly reduced sympathoexcitation induced by hyperosmolality or heart failure (7, 49) .
Perspectives
It has been suggested that ANG-(1-12) may be formed directly from angiotensinogen in a renin-independent manner (44) . Because high concentrations of angiotensinogen have been reported in the ARCN (22) , this nucleus may be one of sites where ANG-(1-12) can be synthesized. ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) and/or ANG II may eventually emerge as important components of the RAS in the ARCN. The physiological and patho-physiological significance of ANGs in the ARCN can only be speculated at this time. In experimental animals, a high-fat diet has been shown to induce inflammatory signaling in the ARCN coincident with the onset of leptin resistance selectively in this brain region (29) . In some pathological states (e.g., rats with heart failure), proinflammatory cytokines are increased in the hypothalamus and contribute to neurohumoral excitation by activating the brain RAS (23) . Upregulation of the RAS in the brain has been reported in experimental and genetic models of hypertension (5, 17, 28, 46) . This study provides the groundwork for future investigations on the role of ANG-(1-12) and ANG II in the ARCN in different pathological states such heart failure and hypertension, including obesity-induced hypertension.
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